A new quantum dot transistor that has a polysilicon dot floating gate stacked on top of a silicon quantum dot channel has been fabricated. It is observed that charging of the floating gate not only shifts the threshold voltage of the quantum dot transistor, but also significantly increases the peak-to-valley ratio and peak separation in the conductance oscillations.
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A new quantum dot transistor that has a polysilicon dot floating gate stacked on top of a silicon quantum dot channel has been fabricated. It is observed that charging of the floating gate not only shifts the threshold voltage of the quantum dot transistor, but also significantly increases the peak-to-valley ratio and peak separation in the conductance oscillations.
As the size of a transistor continuously scales down, single electron effects become important [1 -3] . Previously, we have studied charge transport in single-electron quantum dot transistors which have a channel consisting of a silicon dot separated from the source and the drain by two constrictions [4] , and in single-electron MOS memories that have a polysilicon dot floating gate stacked on a straight channel [3] . In this Letter, we propose and demonstrate a novel stacked quantum dot transistor (QDT) that has a polysilicon dot floating gate stacked on top of a silicon dot channel, and report how transport through the silicon dot channel can be affected by the charges stored in the floating dot gate. We have observed that the peak-tovalley ratio and the peak separation of the conductance were enhanced after charging the electrons into the floating gate. This effect is explained as a result of the enhanced charge confinement in the silicon quantum dot channel.
A schematic diagram of the device structure is shown in Fig. 1 . It has a silicon quantum dot channel similar to that which we have demonstrated previously [4] , and a polysilicon dot stacked on top of the Si dot channel as a floating gate. The device was fabricated on a silicon-on-insulator (SOI) wafer, with a boron doping of 3 × 10 15 cm -3 in the 35nm thick silicon layer. The first step of the fabrication process was the growth of 10nm thick chemical-vapour-deposited (CVD) polysilicon on the SOI wafer, with a layer of ~1nm thick native oxide sandwiched inbetween. The silicon dot channel and the polysilicon floating gate were defined using electron beam lithography, and were etched in a self-aligned manner using chlorine reactive ion etching. Next, the sample was oxidised, which partially consumed the silicon in the channel and the polysilicon in the floating gate, leaving the Si dot with a diameter of ~40nm and the polysilicon film with a thickness of ~5nm. Next, a CVD oxide was deposited to give a total control oxide thickness of 36nm. The rest of the process is similar to our earlier work on silicon quantum dot transistors.
The conductance against gate voltage characteristics taken at 4.2K (Figs. 2 and 3) shows the Coulomb blockade oscillations [5] of a stacked QDT before and after the floating gate was charged with electrons. It can be seen that after charging, not only had the threshold voltage of the transistor shifted (~0.3V), but the oscillation peaks were also enhanced and more well separated. Since the peak width is primarily due to thermal broadening, the full width at half maximum (FWHM) of the peak in terms of gate voltage can be related to temperature T as α (FWHM) = 3.5 k B T [6] , where k B is the Boltzman constant, and α is a scaling factor that converts the gate voltage ( V G ) to the energy ( E ): α = δ E / δ V G . Using α , we found that the typical energy level separation ( ∆ E ) had increased from 2.5 to 5.5meV after charging -an increase by a factor of two. Furthermore, the charge can be held in the floating gate for many days.
Further evidence of the increase in energy spacing in the dot channel is the decrease in valley current ( I V ) when more electrons are charged into the floating gate, as shown in Fig. 4 , where the valley positions are indicated for three different charge densities on the floating dot gate. Since I V ∝ exp(-∆ E /2 kT ), the reduction in the valley current implies the increase in energy level separation. In this case, incremental charging was performed by applying a series of voltage pulses of 13V to the control gate. The increase in energy level separation was estimated to be 1.5 and 2.3meV after each incremental charging. Both observations indicate that charging of the floating gate can enhance the charge confinement in the Si dot. This process is also reversible: after the electrons were removed from the floating gate, the transistor's I-V characteristics returned to its original behaviour before charging. Such an effect can be attributed to the Coulomb interaction between the electrons in the floating gate and those in the Si channel dot. Before the floating gate is charged, the electrons in the channel dot can distribute throughout the vertical direction of the thin silicon film, owing to volume inversion formed near the threshold [7] . However, when the negative charges are stored in the floating gate, because of the Coulomb repulsion, the channel electrons are depleted away from the interface between the silicon channel and the tunnel oxide. That is, the electron distribution in the channel dot was compressed, leading to a smaller effective quantum dot. In this case, the Coulomb charging energy increases as a result of the effective size reduction of the quantum dot.
In conclusion, we have demonstrated a quantum dot transistor with a polysilicon dot floating gate stacked on top of an Si dot channel. By charging the floating dot, not only can the threshold voltage of the transistor be shifted, but also the conductance oscillations in the quantum dot channel can be greatly enhanced. Such an enhancement is attributed to the reduction of the effective quantum dot size, which leads to an increase in energy level separation.
